To investigate the anatomic substrates underlying the beneficial effect of prism adaptation in five patients with persistent left neglect following right stroke. Methods: In a functional imaging PET study, we used a covariation analysis to examine linear changes of regional cerebral blood flow over sessions as a function of left neglect improvement. Results: The network of significant brain regions associated with improvement of left neglect performance produced by prism adaptation involved the right cerebellum, the left thalamus, the left temporo-occipital cortex, the left medial temporal cortex, and the right posterior parietal cortex. Conclusion: Our results suggest that the realignment of visuomotor coordinates is processed by the cerebellum and that low level sensorimotor adaptation actively modulates cerebral areas, albeit now relying on intact cerebellocerebral connections. Hence, our data support the hypothesis that the beneficial effect of prism adaptation on the clinical presentation of left neglect derives from modulation of cortical regions implicated in spatial cognition.
A brief period of right prism adaptation with leftward compensatory aftereffects has been repeatedly shown to improve left neglect across a variety of different standard tests. 1 Two further aspects set this intervention apart from the previous attempts to alleviate unilateral neglect: (1) the observation (confirmed in later studies) that the effects of adaptation could generalize across several different clinical measures of unilateral neglect, including wheelchair navigation, 2 postural control, 3 and neglect of mental imagery 4, 5 and (2) the finding (encouraging from a rehabilitation perspective) that the effects persisted as long as 4 days after a single adaptation procedure. 6 Longer lasting effects (as long as 5 weeks) were even reported following an intensive twice-daily adaptation program during a 2-week period. 7 These cross-sectional observations suggest that, even after acquired brain damage, short-term exposure to visuomotor adaptation is sufficient to stimulate a long-term reorganization of the neural representation of space that develops autonomously after removal of the prisms.
The generalization and long-standing effects of prism adaptation make it a potential therapeutic treatment of choice and has revived interest in the neurocognitive mechanisms by which it has been achieved. However, the neural basis for this therapeutic effect in unilateral neglect patients has yet to be formally established. In this study, we investigated the anatomic substrates underlying the beneficial effect of prism adaptation in five patients with persistent left neglect following right stroke using PET.
Methods. Patients were selected from a neurorehabilitation center. The inclusion criterion was left neglect after right hemispheric ischemic or hemorrhagic stroke. In addition to a classic neurologic examination, the presence of hemianopia was assessed by means of Goldman perimetry, and unilateral neglect was formally assessed using the Behavioral Inattention Test (BIT). 8 The BIT provides an objective and standardized measure of unilateral neglect employing a battery of six conventional subtests (line cancellation, letter cancellation, star cancellation, figure and shape copying, line bisection, and representational drawing). Using the cutoff suggested by the authors, a score Ͻ129 was employed as the operational diagnosis of unilateral neglect. The stability of this condition was confirmed by a second administration of the BIT 1 week later and on the day of the PET scanning. To allow for the reduction of general brain edema, a minimum delay of 1 month was employed between stroke onset and inclusion in the study. Cerebral MRI, including spin-echo T2-weighted and gradient-echo T2-weighted images, diffusion-weighted images, and highresolution, three-dimensional T1-weighted images was performed in the intercommissural plane for each patient to confirm the type of lesion (ischemic or hemorrhagic) and rule out any other relevant prestroke lesions. In addition, the precise anatomic lesion locations were determined by a neuroradiologist. Patients with a history of stroke, psychiatric disease, global cognitive deterioration, or any impairment that could compromise comprehension and compliance with the tasks were excluded. Six patients were finally screened. One patient was excluded because his score on the BIT moved from 124 (in the first assessment) to 132 (in the second assessment), disqualifying him from showing a consistent presentation of unilateral neglect at the time of the PET recording. The sample consequently comprised five right-handed patients 71 to 80 years old (clinical profiles of each patient are shown in table 1). The mean BIT score was 74.6 (range 22 to 109) on the first measure and 73.4 (range 32 to 115) on the second measure. Comparison of these two scores showed no difference (t ϭ 0.19; p ϭ 0.86), confirming the stability of unilateral neglect at the time of the PET recording. The mean time period between stroke onset and inclusion was 5 months (range 2 to 14 months). Three patients had a hemorrhagic stroke (Patients 1, 3, and 4); the two others had an ischemic stroke: one in the posterior cerebral artery territory (Patient 2) and the other in the middle cerebral artery territory (Patient 5).
Lesion analysis showed the involvement of the posterior parietal cortex in four patients (Patients 1, 3, 4, and 5). Lesions of other brain structures involved the somatosensory parietal cortex (Patients 3, 4, and 5), the primary motor cortex (Patients 3, 4, and 5), the occipital cortex (Patients 1 and 2), the temporal cortex (Patients 2, 3, and 5), the cingulate cortex (Patients 2, 4, and 5), the prefrontal and the orbitofrontal cortex (Patient 5), the insula (Patient 5), the thalamus (Patient 2), and the putamen (Patient 5). Figure 1 shows selected horizontal MRI sections of the lesions for each patient; figure 2A shows the overlap lesions of the group.
This study was conducted with the informed consent of the patients, in agreement with the local ethical committee, the French law (March 2002) and the Declaration of Helsinki regarding patient's rights.
Procedure. The PET imaging session took place 1 week after the initial consultation and began with the assessment of unilateral neglect using the BIT. Subsequently, patients were transferred to the camera bed, and head position was maintained throughout by an individually molded face mask. The injection of radiolabeled water was timed so that PET data acquisition began 60 seconds after the start of visual stimulation. The first scanning session consisted of six scans (three repetitions of the two different conditions): a line bisection judgment task (LBJ pre) and a simple observation task (SO pre). These served as the pre-prism adaptation baseline session. Fifteen minutes after the first session, a classic prism adaptation was performed while the patient was outside the scanner. The adaptation procedure involved the patient having to wear prismatic goggles that produced a 10-degree rightward shift of the visual wide field. While wearing prisms, the patient was required to make, as quickly as possible, a series of approximately 50 pointing responses with his or her right hand to visual targets located to the left and right side of midline. Visual feedback of the starting point of the hand was always occluded to ensure optimal adaptation. Adaptation was confirmed for all patients in a standard but qualitative way involving the observation of leftward pointing bias after removal of prisms using an open loop pointing movement (compensatory aftereffects). The 2-hour time gap between prism adaptation and the second PET session was chosen, given clinical and experimental evidence that the beneficial effect of this procedure on left neglect was often Ͼ2 hours after prism adaptation than immediately or soon after adaptation. 1 A second PET session, equivalent to the first session, was then performed and served as the post-prism adaptation session. Again this involved six scans including three repetitions of the LBJ task (LBJ post) and three repetitions of the SO task (SO post). Hence, a total of 12 scans were performed. Within each session, the six scans were separated by 10-minute intervals and scans from each condition were acquired in an interleaved, quasirandom order. The predicted effect of prism adaptation on left neglect was assessed immediately after this second PET session using the subtests of the BIT.
Conditions. The critical condition was a LBJ task. We chose this task because it is currently used in clinical practice to demonstrate unilateral neglect and also to chart recovery. Equally important, the task is easy to perform and has been shown to be sensitive, reproducible, and reliable. 9 In the current study, patients were required to determine the longer segment of a prebisected horizontal line. The response (depressing a simple twobutton apparatus: left button for a left answer; right button for a right answer) was produced by the patient using his or her intact right hand. All patients were trained to perform this task before the beginning of each condition so formal instruction was unnecessary during scanning.
The other condition involved a SO task. We arranged this condition for our group of left neglect patients to measure the regional cerebral blood flow (rCBF) associated with a simple and passive visual inspection task. Given that prism adaptation affects numerous aspects of left neglect comprising nonspatial tasks, 3, 5, 10, 11 we assumed that brain metabolism should be modified even during a passive task that did not explicitly require a spatial judgment. Because brain-damaged patients cannot sustain pro- 
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Motor and somatosensory deficits were assessed by a classic clinical examination. Presence of hemianopia was assessed by means of Goldman perimetry. Constructive apraxia was assessed on copying geometric drawings. Personal neglect was diagnosed with clinical examination. Extrapersonal neglect and representational neglect were assessed using the Behavioral Inattention Test (BIT) (maximum ϭ 146; cutoff score for neglect ϭ 129).
ϩ ϭ present; Ϫ ϭ absent; H ϭ hemorrhagic; I ϭ ischemic; PCA ϭ posterior cerebral artery; MCA ϭ middle cerebral artery. 8, 16, 24, 32, and 64 
in the Talairach space by using the identical or the closest matching horizontal slices of each individual. The number of overlapping lesions is illustrated by different colors: blue (one patient), pink (two patients), or green (three patients). (B) Covariation analysis between increase in regional cerebral blood flow (rCBF) and improvement of Behavioral Inattention Test (BIT) after prism adaptation. Areas of significant increase in neural activity (cluster level probability Ͻ0.05 with Gaussian correction) associated with the covariation analysis between increase of rCBF and improvement of BIT after prism adaptation. Activations are reported on horizontal slices of the high-resolution, three-dimensional T1-weighted template MRI scan that integrates the group lesion mask (in black). The exact coordinates of the local maxima within the areas of activation are reported in table 3. (C) Covariation analysis between the decrease in rCBF and improvement of BIT after prism adaptation. Areas of significant decrease in neural activity (cluster level probability Ͻ0.05 with Gaussian correction) associated with the covariation analysis between decrease in rCBF and improvement of BIT after prism adaptation. Activations are reported on horizontal slices of the high-resolution, three-dimensional T1-weighted template MRI scan t integrates the group lesion mask (in black)
. The exact coordinates of the local maxima within the areas of activation are reported in table 4 . Cu ϭ cuneus; GC ϭ gyrus cinguli; GF ϭ gyrus fusiform; GFI ϭ gyrus frontalis inferior; GFM ϭ gyrus frontalis medius; GFS ϭ gyrus frontalis superior; GL ϭ gyrus lingualis; GOI ϭ gyrus occipitalis inferior; GOM ϭ gyrus occipitalis medius; GPC ϭ gyrus paracentralis, GPrC ϭ gyrus precentralis; GPoC ϭ gyrus postcentralis; GTI ϭ gyrus temporalis inferior, GTS ϭ gyrus temporalis superior; INS ϭ insula; LPI ϭ lobulus parietalis inferior; LPS ϭ lobulus parietalis superior; Sca ϭ sulcus calcarinus; Pu ϭ putamen; PCU ϭ precuneus; Th ϭ thalamus.
and attenuation corrected and then reconstructed by filtered back projection using a Hamming filter (cutoff frequency, 0.5 cycles per pixel). The nominal intrinsic axial resolution is 4.1 mm and the transverse resolution is 4.4 mm full width at half maximum (FWHM) at the center of the field of view according to the National Electrical Manufacturers Association protocol. 12 Behavioral measures. The effect of prism adaptation on left neglect was demonstrated by comparing performance on the BIT before and after prism adaptation. A unilateral t test for matched samples was performed for each subtest and for the total score of the BIT.
Data analysis. Image processing and statistical analysis were performed using Statistical Parametric Mapping 99 (SPM 99, Wellcome Department of Imaging Neuroscience, London, U.K.). 13, 14 Individual patient data were realigned with particular attention to correct for interscan head movements, especially between the two sessions because the patient moved out from the scanner. All images were normalized and transformed into the stereotactic space that is provided in SPM 99. Correct shape and location of the lesion on the normalized brain was visually checked for each patient. Finally, data were smoothed with a 14.0-mm FWHM isotropic Gaussian Kernel. The rCBF measurements were adjusted by proportional scaling to a global mean of 50 mL dL Ϫ1 min Ϫ1 . In this intervention study, the postadaptation session is by definition the second session. Therefore, an order effect cannot be ruled out in a classic factorial design comparing rCBF before and after prism adaptation. To get around this irrelevant order effect, a covariation analysis was performed to search for specific brain areas associated with the beneficial effect of prism adaptation on left neglect. This covariation analysis examined linear increase and linear decrease in rCBF over sessions as a function of BIT increase induced by prism adaptation; i.e., voxels where the activity between the two sessions (post-adaptation minus preadaptation) covaried positively and negatively with the BIT, by means of linear regression analysis. These covariation group analyses included the BIT score for each patient, therefore taking into account individual differences.
Preliminary to this analysis, we investigated whether prism adaptation produced similar effects on the two tasks performed in the scanner. The contrast (LBJ post Ϫ LBJ pre) Ϫ (SO post Ϫ SO pre) tested the differential effect of prism adaptation on the two tasks. Because this analysis did not reveal any significant activation, the covariation analysis pooled both conditions.
All the analyses were performed using a within-subjects design. Activations were selected on cluster level probability (p z,k Ͻ 0.05 with gaussian field corrections). We chose to analyze the whole brain given the absence of clear a priori hypotheses. The location of activations in the cerebral cortex was determined according to the atlas of Talairach and Tournoux 15 ; the location of activations in the brainstem or the cerebellum was determined according to the atlas of Schmahmann et al. 16 Results. The five patients included in this study performed the prism adaptation procedure without any problem or noticeable side effects. At the end of the adaptation procedure, they did not spontaneously report any particular change, which is typical of prism adaptation.
Effect of prism adaptation on left neglect. Adaptation performance effects were confirmed for all five patients. As no correlation has been reported between prism adaptation aftereffects and improvement of neglect symptoms, we only aimed to check the presence of sufficient adaptation. The effectiveness of the sensorimotor adaptation was assessed, after removal of prisms, by asking the patient to look at a central visual target and then to point to this target with his or her eyes closed (open loop pointing movement). For all patients, the adaptation was confirmed when leftward deviation of at least 3 cm (i.e., about 3 degrees) was observed. Significant improvement on left neglect measures was also demonstrated using the total score of the BIT. Subtest analyses showed a similar significant improvement on line cancellation and star cancellation. Improvements in letter cancellation, line bisection, and figure and shape copying, however, did not reach significance. Representational drawing was not affected by prism adaptation in this study. Complete results are provided in table 2. rCBF analysis. The covariation analysis showed that improved performance on the BIT was associated with increased rCBF in three clusters (table 3 and figure 2B. Cluster A included the left globus pallidus and the left thalamus; cluster B included the dentate nucleus of the right cerebellum and the lobule V of the right cerebellar hemisphere; and cluster C included the left occipital lobe (BA19) and the left temporal lobe (BA37) corresponding to the left fusiform gyrus.
Improvement on the BIT was also associated with a decrease in rCBF in two clusters (table 4 and figure 2C . Cluster D included the left medial temporal lobe (hippocampus and parahippocampus), and cluster E included the right posterior parietal lobe (BA7) corresponding to the precuneus.
Discussion. The main result of this study is that improvement of left neglect after prism adaptation is correlated with a modulation of neuronal activity in the right cerebellum, the left thalamus, the left temporo-occipital cortex, the right posterior parietal cortex, and the left medial temporal lobe. These results allow for discussion of the neural basis for the therapeutic effect of prism adaptation. The discussion that follows addresses the functional correlates of activations before offering a tentative explanation in terms of possible networks recruited by prism adaptation.
Activation in the cerebellum correlated with BIT improvement included the right dentate nucleus and the lobule V of the right cerebellar hemisphere. Activation in this region suggests that prism adaptation reduces left neglect by facilitating the recruitment of an intact brain area responsible for controlling normal visuospatial output by way of short-term sensorimotor plasticity. Indeed, the involvement of the cerebellum in short-term sensorimotor output is supported by lesion studies in both monkey 17 and humans. 18, 19 The cerebellum is implicated in visually directed movements 20 and eye-hand coordination. 21 This structure is conceived by Weiner et al. 18 as a "sensori-motor correlation storage area." According to the forward model, 22 the cerebellum is a likely site for comparing the predicted consequences of an action, through an efferent copy of cortical origin, to Brain areas: Locations of activations in the cerebral cortex were determined according to the atlas of Talairach and Tournoux 15 (after MNI to Talairach transformations); locations of activation in the brainstem or the cerebellum were determined according to the atlas of Schmahmann et al. 16 Coordinates are defined in the Montreal Neurological Institute stereotactic space (Montreal, Canada) and refer to the anterior commissure. X represents the lateral distance from midline (positive ϭ right), Y is the anteroposterior distance from the anterior commissure (positive ϭ anterior), Z represents the height relative to the intercommissural plane (positive ϭ above). K under Cluster refers to the number of voxels included in the cluster. Activation clusters were selected on cluster level probability (p z,k Ͻ 0.05). rCBF ϭ regional cerebral blood flow; BIT ϭ Behavioral Inattention Test; BA ϭ Brodmann area. Brain areas: Locations of activations in the cerebral cortex were determined according to the atlas of Talairach and Tournoux 15 (after MNI to Talairach transformations); locations of activation in the brainstem or the cerebellum were determined according to the atlas of Schmahmann et al. 16 Coordinates are defined in the Montreal Neurological Institute stereotactic space (Montreal, Canada) and refer to the anterior commissure. X represents the lateral distance from midline (positive ϭ right), Y is the anteroposterior distance from the anterior commissure (positive ϭ anterior), Z represents the height relative to the intercommissural plane (positive ϭ above). K under Cluster refers to the number of voxels included in the cluster. Activation clusters were selected on cluster level probability (p z,k Ͻ 0.05). rCBF ϭ regional cerebral blood flow; BIT ϭ Behavioral Inattention Test; BA ϭ Brodmann area. the actual sensory feedback from movements. 23 This function is central to integrate the discrepancy between the motor program and the resulting action altered by prisms during the first pointing movements. For all these reasons, it has been suggested that the central realignment of sensorimotor correspondences required for "true adaptation" is computed in the cerebellum. 19, 24 The lateralized activation found in the right part of the cerebellum is in keeping with a recent study that showed that a patient with left cerebellar hemisphere damage could adapt only to a rightward prism deviation and not to a leftward prism deviation. 19 In addition to the well-known motor lateralization (motor coordination of each side of the body depends on the ipsilateral cerebellum hemisphere), the authors of this latter study suggested the existence of a visual lateralization ipsilateral to prism deviation. Consequently, the visuomotor realignment after a right prism adaptation could be processed in the right cerebellar hemisphere. Taken together with other findings about the role of the cerebellum, the activity observed in the right dentate nucleus and the lobule V in the present study can be interpreted to result from the prism adaptation process.
Activation of subcortical structures within the left thalamus and left globus pallidus were also correlated with BIT improvement. There is now strong evidence that subcortical structures and especially the thalamus are involved in the distributed network subserving spatial attention. The implication of these structures in spatial cognition is supported by lesion studies that have shown the existence of neglect syndromes of subcortical origin 25 and by functional imaging studies investigating the neural correlate of spatial attention in subjects. 26 By virtue of its anatomy and physiologic properties, the thalamus is often referred to as the gateway to cortex. 27 The activation observed in our study could reflect this critical gate role between information processed in the cerebellum directed to cortical regions implicated in spatial cognition.
The positive covariation analysis between increase of rCBF and BIT improvement finally showed activation of the left fusiform gyrus within the temporooccipital junction (BA37 and BA19). Hence, the activation of this cortical region appears to be correlated with left neglect improvement after prism adaptation. Specific activation of the temporal cortex can be supported by two arguments: (1) The temporal lobe, implicated in the ventral (or "what") stream of the visual system, is acknowledged to be devoted to visual recognition and discrimination of objects (e.g., in the monkey 28 ) . A similar specialization of the temporal lobe is well supported by lesion studies 29 and functional imaging studies in normal subjects. 30 In this latter study, recognition of objects activated the ventral occipitotemporal cortex (BA19 and BA37), i.e., the same region as the one activated in our study. (2) Another interesting argument is related to the recent implication of the right temporal lobe in spatial cognition. [31] [32] [33] It has been recently shown that the right temporal lobe is damaged significantly more often in patients with left neglect than in patients with right brain damage without neglect. 31, 32 Moreover, recovery of spatial deficit attention seems to depend on the reactivation of this region. 32 In addition, using transcranial magnetic stimulation in normal subjects, the temporal lobe was shown to be implicated in visual search tasks. 33 Results of this latter study emphasized that the areas of brain damage resulting in neglect-like symptoms are highly dependent on the task used to diagnose them. In our study, the use of the BIT to assess unilateral neglect may explain the recruitment of the contralesional undamaged left temporal lobe. Indeed, the BIT subtests comprise a majority of exploratory search tests with familiar visual stimuli (such as letters and stars) rather than landmark tasks. Thus, it could be argued that the activation of the left fusiform gyrus observed in our study reflects more the increased efficiency produced by prism adaptation for recognition of visual stimuli than a general improvement of left neglect.
A modification of the activity in the right parietal cortex was observed in the "negative" covariation analysis. This is consistent with the known role of this region in spatial attention. 34 Moreover, the only previous functional imaging study that used prism adaptation involving seven normal subjects showed that the posterior parietal cortex was clearly activated. 35 In this latter study, the optical deviation was reversed (left to right) every five trials to maintain the subject in a state of ongoing adaptation. The paradigm employed suggests that the posterior parietal cortex probably participates in the "strategic corrections" after visuomotor transformation induced by prisms but not necessarily in sensorimotor recalibration. 24 This hypothesis was recently confirmed in one patient with a bilateral parietal lesion who was fully able to adapt to an optical deviation. 36 Furthermore, the involvement of the "where" stream was predicted given the use of a visual search task. Finally, it has been recently shown that spontaneous recovery of spatial attention deficits correlates with the restoration and rebalancing of activity within the right posterior parietal cortex, including the precuneus. 32 However, an increase rather than a decrease of rCBF associated with an improvement on the BIT was intuitively more expected in this region. One possible explanation could be that a decrease of rCBF is associated with an increase in effectiveness of this region, currently damaged in four of the five patients. Indeed, like for motor recovery-related activation, 37 the decrease in rCBF associated with BIT improvement could be explained by a "focusing" of activation in this critical region.
Activations within the left hippocampus and parahippocampus gyri were also observed in the covariation analysis as a negative function of BIT improvement. The hippocampus is clearly implicated in mnemonic functions 38 ; hence, the activation observed in this region could be associated to memory processes required for the repetition of the task and could explain the effect of adaptation on drawing from memory, 39 representational neglect, 4 and number bissection. 5 The parahippocampus gyrus has been recently implicated in spatial cognition. 40 Indeed, in this latter anatomic lesion study, all patients with neglect had lesions involving the right parahippocampal region, whereas all patients without neglect did not have damage to this area. Hence, improvement of the BIT after prism adaptation in our group of neglect patients could involve a modulation of activity in this region.
Viewed collectively, the distributed activations suggest a network of brain areas where visual error signal generated by right prisms is processed in the right cerebellum where the visuomotor realignment takes place in congruence with the right hand used for adaptation and rightward deviation of prisms. 19 In terms of anatomic connections, there is evidence of the existence of a subcortical pathway that links visual stimuli to the cerebellar cortex via the pons during visuomotor control. 41 The clinical effect of prism adaptation on left neglect could be mediated through the modulation of cerebral areas implicated in spatial cognition via a bottom-up signal generated by the cerebellum. 39 More precisely, the covariation analysis suggests that the improvement of left neglect, as assessed by the BIT, following right prism adaptation is mediated through the modulation of the cerebral activity in the left temporo-occipital cortex, the left medial temporal lobe, and the right posterior parietal cortex. Hence, these cortical regions could represent the substrate of neglect improvement after prism adaptation. In terms of anatomic connections, these brain structures are recognized targets of output from the cerebellum via neuronal loop also implicating the dentate nucleus and subcortical structures such as the thalamus and the globus pallidus. 42, 43 In terms of brain plasticity mechanisms, these activations might be explained by the unmasking of preexisting connections and by the focusing of activation around regions usually involved in spatial cognition. These mechanisms are also consistent with the relatively short latency of the therapeutic effect on left neglect. 44 The question as to whether some patients would be more sensitive to prism adaptation than others is difficult to answer with our small group of patients. What can be said is that the effect of prism adaptation was marginal for Patients 3 and 5, mild for Patient 4, and consistent for Patients 1 and 2. It is difficult to find an obvious explanation for these differential magnitude effects. Clinically, two main differences are noteworthy: (1) Patients 1 and 2, who showed the greatest effect, did not show a somatosensory deficit compared to the other three patients; (2) Patients 3 and 5, who showed the least effect, also demonstrated the lowest score on the preadaptation BIT. The topography of the lesion could also play a role. Interestingly, Patients 3 and 5 were the only ones to have lesions that involved the inferoposterior parietal cortex. Clearly, a larger population would be more appropriate to characterize, based on clinical description, lesion location, and activation, those neglect patients who are the most sensitive to prism adaptation rehabilitation, and those who show a weaker response.
